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quantum level, thereby making possible a variety of interesting new physics. [S0034-6861(99)03802-7]
I. INTRODUCTION

Modern atomic, molecular, and optical physics has ad-
vanced primarily by using known physics to devise inno-
vative techniques to better isolate and control the
atomic system, and then exploiting this nearly ideal sys-
tem to achieve higher precision and discover new physi-
cal phenomena. The striking advances along these lines
have been recognized by awards of Nobel Prizes to 21
individuals in this area; most recently, the 1997 Nobel
prize was given for laser cooling and trapping of neutral
atoms (Phys. Today, 1997). In the first half of the twen-
tieth century, the Stern-Gerlach magnet, and later opti-
cal pumping, allowed the preparation and analysis of in-
ternal quantum numbers. Resonance techniques allowed
the quantum state to be changed controllably, and meth-
ods such as Ramsey’s separated oscillatory fields, and
spin echos created and exploited coherent superposition
of internal quantum states. This control of internal states
ultimately led to the invention of the maser and the la-
ser. For a brief discussion of what might be called ‘‘Rabi
physics,’’ see the article by Kleppner in this volume.

This paper discusses the extension of this pattern of
control and study to the external degrees of freedom
(position and velocity) that has occurred in the last few
decades. The strong forces of electric and magnetic
fields on ions allow them to be trapped with high kinetic
energy, and once trapped they can be cooled in various
ways. The forces available to trap neutral atoms are
much weaker. In order to trap them, they must first be
cooled below 1 K by radiation pressure that cannot ex-
ceed 1 meV/cm for a strong resonant transition. For cold
atoms, trapping has been achieved using resonant radia-
tion pressure and/or forces from field gradients acting on
either the atoms’ magnetic moments or their induced
electric dipole moments. The latter force is produced by
the electric field of a near-resonant, tightly focused laser
beam. All of these traps have maximum depths, ex-
pressed in terms of temperature, on the order of 1 K for
practical situations.

Traps, together with cooling methods that have
achieved kinetic temperatures as low as nanokelvins,
have now created the ultimate physical systems thus far
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for precision spectroscopy, frequency standards, and
tests of fundamental physics. Atomic collisions are
qualitatively different, and the cooling has produced
new states of matter: ion liquids, crystals, and (neutral)
atomic Bose-Einstein condensates. Atoms have been
placed in the lowest quantum state of the confining trap
potentials, and coherent superpositions of translational
states have been created, often entangled with the inter-
nal quantum states. These provide novel test beds for
quantum mechanics and manipulation of quantum infor-
mation.

II. MANIPULATING POSITION AND VELOCITY

A. Cooling

Radiation pressure arises from the transfer of momen-
tum when an atom scatters a photon. Radiation pressure
cooling uses the Doppler shift with light tuned just be-
low the atomic resonance frequency (Wineland and
Itano, 1987; Wieman and Chu, 1989). Atoms that are
moving towards the light will see the light Doppler
shifted nearer to resonance, and hence will scatter more
photons than slower atoms. This slows the faster atoms
and compresses the velocity distribution (i.e., cooling
the atom sample). A single laser beam is sufficient to
cool a sample of trapped atoms or ions; however, free
atoms must be irradiated with laser beams from all di-
rections. For atoms with velocities that cause Doppler
shifts comparable to the natural transition width (typi-
cally several meters per second), this ‘‘optical molasses’’
takes just microseconds to cool to the ‘‘Doppler limit.’’
This limit is somewhat under 1 mK for a typical, al-
lowed, electric dipole transition.

A variety of methods have been found for cooling
isolated atoms and ions to lower temperatures (Wine-
land and Itano, 1987; Wieman and Chu, 1989; Cohen-
Tannoudji and Phillips, 1990). These include sub-
Doppler laser cooling, evaporative cooling, and laser
‘‘sideband’’ cooling. Sub-Doppler laser cooling uses
standing-wave laser beams that give rise to potential en-
ergy hills and valleys due to the spatial variations in the
atom’s ac Stark shift. As an atom moves up a hill, it loses
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kinetic energy. Near the top of a hill, optical excitations
tend to reorient the atom relative to the local field so
that it then sees that location as a potential valley. This
efficiently transfers kinetic energy into photon energy,
and can cool atoms into the microkelvin range, a few
times the recoil energy/temperature gained by the scat-
tering of a single photon. Even lower temperatures can
be achieved by evaporative cooling of trapped atoms.
The process is analogous to the way a cup of hot coffee
cools down by giving off the most energetic molecules as
steam. As the energetic atoms are removed from the
trap, collisions readjust the remaining atoms into a lower
temperature thermal distribution. Trapped atoms have
been evaporatively cooled to 50 nK by precisely control-
ling the removal of the energetic atoms and making
traps with very good thermal isolation. Cooling with re-
solved sidebands (Wineland and Itano, 1987) is a
straightforward realization of the principle that a laser
transition can simultaneously change the internal and
motional quantum states of a trapped atom. For ex-
ample, if it is sufficiently tightly bound in a harmonic
potential, the atom’s optical spectrum has resolvable
Doppler-effect-generated frequency-modulation side-
bands. Absorption on a lower sideband reduces the at-
om’s motional state energy; if the atom’s recoil energy is
smaller than the motional quanta, overall cooling occurs
when the photon is reemitted. This has been used to
cool small numbers of trapped ions and atoms to the
ground state of the confining potential with high effi-
ciency.

B. Atom optics

Given an ensemble of atoms localized in phase space,
a growing cadre of techniques, collectively called ‘‘atom
optics,’’ have been developed for manipulating atoms
with full retention of their quantum coherence (Prit-
chard, 1991; Adams, Sigel, and Mlynek, 1994). The most
salient feature of atom optics is the small size of atomic
de Broglie wavelengths relative to optical
wavelengths—an order of magnitude smaller for atoms
with submillikelvin temperatures, and four orders of
magnitude smaller for room-temperature atoms. Pre-
serving atomic coherence for such wavelengths is a ma-
jor experimental challenge. However, these short wave-
lengths also suggest that atom optics offers possibilities
for precise measurements and subnanometer fabrica-
tion. The principal applications of atom optics have been
in the creation and use of atom interferometers (Ber-
man, 1997), and for atom lithography—the deposition of
precise patterns of atoms on surfaces (Thywissen et al.,
1997).

The principle tools of atom optics have been light
forces and nanofabricated mechanical structures, and
the major technique has been diffraction. If a highly col-
limated atom wave crosses a standing wave of near-
resonant light at right angles, the spatially periodic
variation of the light-atom interaction potential energy
causes a corresponding variation in the local de Broglie
wave number. This diffracts the atom wave like a phase
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grating in classical optics, where the diffraction orders
correspond to the successive absorption and stimulated
emission of a pair of photons traveling in opposite direc-
tions. The resultant momentum transfer to the atoms is
twice the photon momentum. When the atom waves
travel through a thick standing wave, one diffracted or-
der predominates. For a thin standing wave, the diffrac-
tion pattern is spread over many orders. Blazed gratings
have also been demonstrated, as well as Raman and
adiabatic-dark-state gratings in which the diffraction is
accompanied by a specific change in the internal state of
the atoms.

Mechanical diffractive structures (Keith et al., 1988)
differ qualitatively from light gratings. They are purely
amplitude gratings (with concomitant loss of intensity),
species independent (do not depend on internal struc-
ture), and can have periods several times smaller than
light. They can be made with arbitrary patterns using
electron-beam lithography. Examples include spherical
and cylindrical zone plates; a combination of lens and
hologram (Morinaga et al., 1996), which produced an
atom image with 104 resolution elements; and a sieve for
‘‘sizing’’ molecules (Luo et al., 1996).

There are no achromatic partially reflecting mirrors
for atoms, hence diffraction gratings have been pressed
into service as beam splitters and combiners for atom
waves. These have been used to make a variety of atom
(and even molecule) interferometers since 1991. Nearly
all use ‘‘white fringe’’ designs that compensate for the
dependence of diffraction angle on the wavelength of
the individual atoms. A majority have used the three-
grating configuration (Fig. 1) in which the first grating
splits the incident beam, the second reverses the differ-
ential momenta given by the first, and the third recom-
bines the two beams at the location where they overlap.
Both mechanical and all types of light gratings have
been successfully used. Interference fringes have been
read out using both detectors sensitive to atom position
and detectors of the atom’s internal state.

C. Traps

Trapping atoms can be as simple as putting a gas of
atoms in a storage vessel that has walls that inhibit stick-
ing. However, electromagnetic fields can also be config-
ured to confine atoms with much less perturbation to
their internal structure and minimal heating from the

FIG. 1. An example of a three-grating atom interferometer.
The sodium beam is split up and then later recombined after
the interaction region where the atoms in one arm can be per-
turbed in various ways. In this example, a hot wire detector
detects the fringe pattern.
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surrounding environment (Wieman and Chu, 1989;
Ghosh, 1995; Newbury and Wieman, 1996). Although
Maxwell’s equations put severe constraints on how this
can be done (for example, Earnshaw’s theorem and its
optical analog), numerous clever designs have been
found, a few of which are presented here. A very useful
trap for neutral atoms is the magnetic bottle. Magnetic
substates that are attracted to regions of lower field can
be trapped if uBu, and thus the trap potential U(r) have a
local minimum. One choice of B that provides such a
potential is a quadrupole field, formed by an ‘‘anti-
Helmholtz’’ coil (currents in opposite directions in the
coils of a Helmholtz pair). This configuration is effective
but has the problem that at the center of the coil, the
fields vanish. For atoms passing near the center of the
coil, the field becomes so small that the magnetic mo-
ment alignment is lost with respect to the field direction
(‘‘Majorana transitions’’), transferring the atoms into
untrapped magnetic substrates. A popular choice to
overcome this problem has been a trap composed of a
linear magnetic quadrupole along whose axis is superim-
posed an axial field with maxima that ‘‘close’’ the ends
(the Ioffe-Pritchard configuration). This gives a local,
but nonzero minimum in uBu, and hence eliminates the
leak in the center.

A trap that works for both neutral and charged atoms
relies on the time-averaged force produced by a rapidly
oscillating inhomogeneous field. For example, if a
charged particle is placed in the center of an oscillating
spherical quadrupole field, it is initially pushed outward,
taking it to a region of higher field where it will experi-
ence a larger push inward when the field has reversed.
Thus its micromotion at the field oscillation frequency
will cause a nonzero average confining force (the ‘‘pon-
deromotive force’’) that can be described by a pseudo-
potential. The Paul trap confines atomic ions using this
principle. High-energy particle accelerators and storage
rings are another form of the ponderomotive force trap,
where the oscillating fields arise from the particles tra-
versing inhomogeneous static fields. Induced dipole-
moment optical traps rely on the same pondermotive
principle. Another trap for charged particles is the Pen-
ning ion trap, which uses static electric and magnetic
fields. The magnetic field provides confinement normal
to this field, while the electric field confines the particles
axially along the magnetic field. It is particularly useful
for producing large cold samples (see Sec. III.A).

The workhorse of cold neutral atom research is the
magneto-optical trap (MOT), because of both its sim-
plicity of construction and its depth (Raab et al., 1987).
Radiation pressure from laser beams converging on a
center provides the trapping force, but a weak inhomo-
geneous magnetic field acts as a spatially dependent con-
trol on this force. It shifts the magnetic sublevels so that
the atoms preferentially absorb the polarized light going
toward the trap center. The magnetic field is a spherical
quadrupole configuration with gradients of several gauss
per centimeter about the zero of the magnetic field,
which is the center of the trap. This field has a linear
gradient in all three directions, permitting the use of
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three mutually perpendicular pairs of oppositely circu-
larly polarized laser beams that are detuned a few natu-
ral linewidths below a strong atomic transition. There-
fore in addition to three-dimensional confinement, the
light also provides Doppler and sub-Doppler cooling of
the atoms. With only milliwatts of laser power, a typical
MOT is 1 K deep, sufficient to capture atoms out of a
room-temperature vapor cell.

III. NEW PHYSICS FROM COLD ATOMS

A. One-component plasmas

A collection of trapped ions can be viewed as a ‘‘one-
component’’ plasma. By cooling such a plasma to very
low temperatures, novel liquid and crystalline plasma
states have been created (Fig. 2). These crystals can be
regarded as the classical limit of Wigner crystallization,
where the wave functions of the ions do not overlap and
quantum statistics do not play a role. Instead, the crys-
tallization arises entirely from the balance of the trap-
ping fields and the strong long-range Coulomb repulsion
between the ions. The structure and formation of these
crystals have been studied using Bragg scattering (Itano
et al., 1998) and direct imaging of the ions (Walther,
1993; Mitchell et al., 1998).

B. Bose-Einstein condensation in dilute gases

Perhaps the most exciting physics outcome of cooling
and trapping techniques has been the creation of a novel
macroscopic quantum system, the Bose-Einstein con-
densate (BEC), in a dilute gas. Bose-Einstein conden-
sate in a gas was first predicted in 1924 (Einstein, 1924,
1925); as a phase transition it is unique because it is
driven only by statistics rather than energetics. Super-
fluid helium, superconductivity, and certain excitation
behavior are all manifestations of BEC in various sys-
tems. The condensation in a dilute atomic gas was first
achieved (Anderson et al., 1995) by cooling a cloud of
trapped rubidium atoms so that they were sufficiently
cold (;200 nK) and dense enough that their de Broglie
wave packets began to overlap. A large fraction of the
atoms then condensed into the ground state of the trap-
ping potential. Bose-Einstein condensate in a gas is
proving to be a fascinating new macroscopic quantum
system because of the experimental capabilities to ma-
nipulate and study it in great detail. Moreover, it is quite
amenable to theoretical analysis because the interatomic
interactions are relatively weak.

The achievement of BEC (Anderson et al., 1995;
Davis et al., 1995) required the combination of many of
the techniques for cooling and trapping neutral atoms
that had been developed over the previous two decades.
It also built on much of the understanding of basic
atomic processes at very low temperatures that had been
obtained using these techniques. A Bose-Einstein con-
densate was created (Fig. 3) by first collecting a cloud of
laser-cooled atoms in a MOT and cooling them by sub-
Doppler laser cooling. At ;10 mK, these were much too
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FIG. 2. (Color) Photograph of a large ion crystal. When atomic ions are trapped and cooled, they form crystals whose minimum
energy configurations are determined by a balance between the trap potentials and the ions’ mutual Coulomb repulsion. In this
photograph, about 2000 laser-cooled beryllium ions are confined in a Penning trap. The ion crystal has a BCC configuration with
about a 15 mm spacing between ions. As in all Penning traps, the ions rotate about the trap axis (normal to the center of photo)
necessitating stroboscopic imaging. (Image courtesy of John Bollinger, NIST.)
hot and dilute for BEC, however. These laser-trapped
and cooled atoms were then transferred to a magnetic
bottle and evaporatively cooled to below the condensa-
tion temperature. Evaporative cooling of magnetically
trapped atoms was developed for the pioneering efforts
to achieve BEC in gaseous hydrogen (Greytak, 1995).
However, it ultimately turned out that laser ‘‘precooled’’
alkali atoms had more favorable collision properties for
evaporative cooling (Ketterle and van Druten, 1996).
Relative to hydrogen, for every ‘‘bad’’ inelastic collision
that causes atoms to be lost from the magnetic trap,
there are more ‘‘good’’ thermalizing elastic collisions.1

The same convenient optical transitions that provide
laser cooling also make it easy to use light scattering to
image the cooled alkali clouds and thereby study the
condensate. The macroscopic occupation of the ground
state that is BEC has been seen both in momentum
space, as a peak at zero velocity (Fig. 4), and in real

1After the completion of this article, BEC was reported in a
gas of spin-polarized hydrogen (D. Kleppner, private commu-
nication).
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FIG. 3. Schematic of the first apparatus used to create BEC in
a dilute gas (Anderson et al., 1995). A room-temperature rect-
angular glass cell 2.5 cm square by 10 cm high is attached to a
vaccum pump and rubidium reservoir (not shown). Light from
diode lasers comes from all six directions to form a MOT in
the middle of the cell. Running current through the magnetic-
field coils shown surrounding the cell creates the magnetic
trap.
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FIG. 4. (Color) Two-dimensional velocity distributions of cold atomic clouds showing BEC. These are for three experimental runs
with different amounts of cooling. The axes are the x and z velocities and the number density of atoms. The distribution on the left
shows a gentle hill that corresponds to a temperature of about 400 nK. The middle picture is at 200 nK, and shows the asymmetric
condensate spire in the center of the hill. The picture on the right is at about 50 nK and about 90% of the atoms are in the
condensate. (Courtesy of M. Matthews, University of Colorado.)
space, as a sudden increase in the density of the atoms in
the center of the trap. The condensate images provide a
unique opportunity for directly observing the shape of a
quantum wave function. An advantage of the inhomoge-
neous trapping potential is that there is spatial separa-
tion of condensed and noncondensed portions of the
cloud. This makes it possible to distinguish, manipulate,
and study the condensed and noncondensed portions of
the cloud separately, as well as to create samples of
nearly pure condensate. Adding optical fields to the
magnetic traps is proving to be a particularly convenient
technique to manipulate the condensates and the shape
of the confining potential in useful ways (Stamper-Kurn
et al., 1998).

There has been an explosion of experimental and the-
oretical activity in the study of condensates. Initial work
considered basic aspects such as the shape of the con-
densate wave function and how it was distorted by inter-
actions between the atoms. The experimental observa-
tions were found to be well described by solutions of the
Gross-Pitaevski equation (Gross, 1961, 1963; Pitaevski,
1961) where the self-interaction of the condensate is
characterized by a single parameter, the S-wave scatter-
ing length. (This is independently measured in cold atom
collision experiments.) The validity of this equation has
been confirmed over a wide range of interaction
strengths by varying the number of atoms in the conden-
sate, and for both positive (repulsive interaction) and
negative (attractive interaction) scattering lengths. The
fraction of atoms in the condensate and the specific heat,
as a function of temperature, have similarly been found
to agree very well (within a few percent) with theory.
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The dynamical behavior of condensates, including the
effects of interactions, has also received considerable
study. By modulating the magnetic confining potential,
phononlike collective modes of the condensate have
been excited. The frequency and damping of these exci-
tations have been studied over a wide range of condi-
tions. For very low temperatures, it was found that the
measured resonant frequencies, and their dependencies
on the self interaction, agree very precisely with those
predicted by the Gross-Pitaevski equation. However,
the temperature dependence of the damping and reso-
nant frequencies has proven to be much more difficult to
explain theoretically (Jin et al., 1997). These effects, par-
ticularly the shifts in frequency, were much larger than
simple intuitive models would have suggested, and to
explain them requires a more sophisticated treatment of
the coupling of condensate and noncondensate phases.
This is an area of considerable theoretical and experi-
mental activity.

The various coherence properties of the condensate
wave function have been examined in several different
ways. The most dramatic was the observation of first-
order coherence that occurred when two independent
condensates were allowed to pass through each other
(Andrews et al., 1997), and the fringes formed in the
density distribution as the two-condensate wave func-
tions interfered with each other (Andrews et al., 1997).
Third-order coherence (the probability of three-
condensate atoms being in the same place) was mea-
sured by looking at the rate of three-body recombina-
tion in the condensate. This process, in which two atoms
bind to form a diatomic molecule and the third atom



S258 Wieman, Pritchard, and Wineland: Atom cooling, trapping, and quantum manipulation
carries off energy and momentum, is found to be the
dominant process by which atoms are lost from the con-
densate. It was predicted and then confirmed by experi-
ment that the loss rate would be six times lower in a
condensate sample than a noncondensate sample of the
same density because of the higher-order coherence of
the condensate (a lack of spatial fluctuations in the
density).

Among the many other areas of study currently un-
derway or planned, studies of multicomponent conden-
sates appear to be among the richest. The static and
dynamical behavior of these interacting quantum fluids
can be explored by observing both density and phase of
the wave functions. A variety of techniques have been
demonstrated for creating multicomponent condensates,
and the dynamical evolution of the spatial structure and
the phases of the wave functions have been studied in
these condensates. These techniques include forming
two separate condensates of the same type in a double-
well trapping potential, and creating condensates in co-
herent superpositions of different spin states using radio
frequency and microwave magnetic fields.

C. Quantum measurements on single atoms

A single trapped atom affords an opportunity to make
repeated measurements on a single quantum system.
This provides a display of how an atom will absorb and
emit light and exhibit behavior not predicted by the
density-matrix formalism which describes ensemble av-
erages. A simple example is an ion with two excited
states: one, denoted us&, with strong coupling to the
ground state; the other, denoted uw&, with weak coupling
and a correspondingly long lifetime. If a laser excites the
strong transition, strong fluorescence will be observed
until the ion is somehow (for example, by spontaneous
decay or the action of another laser tuned to the weak
transition) transferred to state uw&. Then the fluores-
cence will stop for a time characteristic of the decay time
of this state. This behavior is called atom ‘‘shelving’’ and
provides a way to tell when the ion is in the uw& state
without disturbing it if it is in that state (Fig. 5) (Blatt
and Zoller, 1988). Even a single driven two-state atom
exhibits interesting correlations: if a fluorescence photon
is observed, another photon cannot be emitted for a
time on the order of the excited-state lifetime while the
excited-state amplitude builds up again. This is called
‘‘photon antibunching’’ and is a purely quantum effect.

D. Quantum-state engineering

Atom manipulation techniques provide a means to
synthesize arbitrary and, in general, entangled quantum
states from initially unentangled quantum systems
(Monroe and Bollinger, 1997). A simple example is an
optical beamsplitter in atom interferometry. When a
two-level atom (states g and e) is excited by a laser beam
directed perpendicular to its motion, a p/2 pulse creates
an entangled state of the form 221/2@C(g ,0)
1C(e ,qk)# where the second argument denotes the
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momentum state along the laser beam direction. Thus
the atom has states where the momentum is entangled
with the internal state. For an atom confined in a har-
monic trap, we can create an entangled state of the form
221/2@C(g)C(a)1C(e)C(a8)# , where C(a) and
C(a8) are coherent states—states that are most nearly
classical in that they correspond to Gaussian wave pack-
ets that oscillate in the trap without changing shape.
This state has been created by first optically pumping
and laser-cooling a single ion to its internal and motional
ground states. Next, the ion’s internal state is placed into
a coherent superposition state 221/2@C(g)1C(e)# with
resonant radiation. Optical dipole forces that are modu-
lated at the ion’s trap oscillation frequency create coher-
ent states of motion. These forces can be applied with
two different laser beams whose polarizations are cho-
sen to selectively excite first the state C(g) and then the
state C(e) with different modulation phases, with the
result that each internal state is associated with a differ-
ent coherent motional state. When C(a) and C(a8) cor-
respond to well-separated, localized spatial wave pack-
ets (e.g., oscillations out of phase), this state is called a
‘‘Schrödinger-cat’’ state because a classical-like property
(the position) is entangled with a quantum property (the
internal state) (Monroe and Bollinger, 1997). Schemes
exist to generate arbitrary entangled states between
many internal and motional states of an atom. These
entangled states can be completely characterized by a
family of operations that selectively map different parts
of the wave function on to a particular internal state that
is then detected—so-called tomographic techniques
(Leibfried et al., 1998).

Quantum-state engineering methods can be extended
from a single atom to entangled states of many atoms, if
a suitable coupling mechanism can be found. The strong
Coulomb interaction between cold trapped ions pro-
vides one such mechanism. Two ions in the sample can
be entangled by first entangling the internal state of one
ion with a collective mode of the ions’ motion using op-
erations similar to the creation of the Schrödinger cat.
This mode, which is shared among all ions, could be the

FIG. 5. Quantum jumps. The number of fluorescent photons
detected in 0.5 ms sampling times from a trapped and cooled
mercury ion. The fluorescence corresponds to laser scattering
on the transition between the 6s 2S1/2 ground state and
6p 2P1/2 state (level s in the text). With 1027 probability, the
2P1/2 state decays to the lower lying 2D level (level w in text)
and fluorescence stops until the 2D levels decay back to the
2S1/2 ground state. By discriminating between fluorescence lev-
els, it is possible to detect the ‘‘w’’ state with nearly 100%
efficiency.
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center-of-mass mode of motion where all ions oscillate
together at the frequency of a single ion as described in
the previous paragraph. This mode of motion can then
be entangled with a second ion, thereby entangling the
internal states of the two selected ions. This can be done
in such a way that, at the end, the motional state factors
out of the wave function, leaving only the ions’ internal
states entangled (Cirac and Zoller, 1995).

The ideas of quantum computation have provided a
useful framework in which to cast these methods. This is
because a general computation can be broken down into
a series of elementary operations involving single ion
(‘‘qubit’’) internal state rotations and a single type of
entangling operation between two ions, and because a
‘‘computation’’ can always be devised to create an arbi-
trary entangled state. Quantum computation algorithms
have recently been shown to be capable of solving cer-
tain problems that are intractable on a classical com-
puter, such as factorization of large numbers (Ekert and
Jozsa, 1996; Steane, 1998). These algorithms may remain
technically unfeasible in the near future because of the
fragility of the entangled states; however, more modest
algorithms, such as one for efficiently measuring atomic
spectral lines (Bollinger et al., 1996), appear to be within
reach. Independent of the outcome of quantum compu-
tation, quantum state engineering is allowing detailed
studies of the ideas of coherence and decoherence in
quantum mechanics (as represented by the fragility of
entangled states) and, correspondingly, the capabilities
and limits of quantum measurement.

IV. PRECISION MEASUREMENTS

A. Spectroscopy and clocks

Trapping, combined with very low temperatures, can
lead to very long observation times and suppression of
Doppler effects (including time dilation). This leads to
very accurate high-resolution spectroscopy. A classic ex-
ample is provided by the single electrons (and positrons)
trapped in Penning traps, by the group of Dehmelt and
van Dyck (Dehmelt, 1995; Ghosh, 1995). These experi-
ments effectively measured the ratio of the electron’s
spin-flip frequency to its cyclotron resonance frequency
in the same magnetic field, thereby determining the g
factor of the electron to an inaccuracy of less than 5
parts in 1012. The comparison of this measurement with
the value predicted by quantum electrodynamics is the
most accurate comparison of the experimental value of a
quantity to its theoretical value in all of physics.

Another application of spectroscopy is to atomic
clocks, where accurate time intervals are realized by
counting cycles of radiation that is exactly in resonance
with an atomic transition (Bergquist, 1996). The funda-
mental limit to the measurement resolution is the dura-
tion of the observation time. Major advances have been
possible using trapped ions and very cold neutral atoms
in ‘‘atomic fountains.’’ Now, the world’s most precise
cesium clocks (which define the second) are based on a
cesium fountain. In this device, a sample of 106 cold ('1
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mK) cesium atoms is launched upward. The atoms go up
1 m and then fall back toward the source. At both the
beginning and the end of their trajectory (1 s apart), the
atoms pass through a microwave cavity. Ramsey’s
method of separated oscillatory fields is used to drive
the hyperfine ‘‘clock’’ transition ('9.2 GHz), achieving
a linewidth of about 1 Hz. This narrow linewidth,
coupled with the relatively small perturbations on the
atoms in free flight, has led to a measurement inaccuracy
of only 2 parts in 1015, currently the most precise direct
measurement of any physical quantity (Simon et al.,
1997).

Since the fields in ion traps act on the ions’ overall
charge and do not significantly perturb their internal
structure, trapped ions can also provide very accurate
high-resolution clocks (Fisk, 1997). A linewidth of less
than 0.001 Hz has been obtained in a trapped-ion clock
(Fig. 6). The advantages of this very narrow linewidth
are offset by the fact that trapped-ion experiments typi-
cally must use relatively few atoms because of attendant
higher velocities (and Doppler shifts) associated with
trapping large numbers. Therefore, the performance of
the most accurate ion clocks is currently about equal to
that of the best cesium clocks (Berkeland et al., 1998).

The most accurate mass spectroscopy is now per-
formed with ions in Penning ion traps (Ghosh, 1995).
Ion mass ratios have been determined with an inaccu-
racy of about 1 part in 1010 by measuring the ratio the
cyclotron frequencies for different mass ions in the same
trap. Proton and antiproton masses have been measured
to be equal at this level, providing the most stringent test
of CPT invariance for baryons (Gabrielse et al., 1998).

B. Inertial measurements with atom interferometers

Phase shifts arise when matter-wave interferometers
accelerate, and atom interferometers have proved to be
sensitive inertial sensors because such phase shifts gen-
erally vary with the mass and inversely with the velocity
of the interfering particle (Adams et al., 1994). Because
of their high potential sensitivity, atom interferometers

FIG. 6. Atom traps enable long observation times and thus
high resolution for atomic clocks. The figure shows a reso-
nance curve for a ground-state hyperfine transition (303 MHz)
in laser-cooled beryllium ions that is less than 0.001 Hz wide.
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are being developed for use as accelerometers, rotation
sensors, gravimeters, and gradiometers.

The freely propagating matter waves in an interferom-
eter form fringes with respect to an inertial reference
frame. Hence, if the interferometer moves noninertially
while the atoms are in transit, the fringes are shifted
from the location where they would have been if the
interferometer were stationary. For example, if the in-
terferometer in Fig. 1 has acceleration upward, atom
waves that pass through the (accelerating) middle grat-
ing at the same grating location shown in the figure will
form fringes that will be observed a distance D5at2

below the centerline (where t5L/v is the time for an
atom moving with velocity v to travel the distance L
between adjacent gratings). This displacement is ob-
served as a phase shift

wacceleration52pS 2D

dg
D52

2p

dg
S L

v D 2

a52
2pm2ldBA

h2 a ,

(1)

where dg is the period of the gratings, ldB5h/mv is the
de Broglie wavelength for an atom with mass m and
velocity v , and A5L2(ldB /dg) is the area enclosed by
the paths of the interferometer. If the interferometer
rotates with angular rate V, the resultant Coriolis accel-
eration aW 52vW 3VW gives rise to a rotational phase shift,

wrotation5F2p

dg
S L

v D 2

2vGV5F4p
mA

h GV . (2)

The second expression is the usual Sagnac phase shift.
This phase shift exceeds that of a light interferometer
with the same enclosed area by the ratio, mc2/\v ,
which can exceed 1010.

Atom interferometers have already made dramatic
improvements in measurements of phase shifts due to
rotation and gravitation relative to earlier measure-
ments with neutron and electron interferometers. Gravi-
tational measurements with an accuracy approaching
1029 g have been made using a laser-cooled-atom inter-
ferometer (Kasevich and Chu, 1991). Interferometers
using an uncooled atomic beam have measured rotations
with a sensitivity of 4 millidegree per hour in a 1 s mea-
surement (Gustavson et al., 1997; Lenef et al., 1997),
about 3 orders of magnitude better than measurements
with neutron or electron interferometers.

Interferometric measurements of gravity confirm the
weak equivalence principle. Orbiting atom interferom-
eters might improve on this important null test. Simi-
larly, orbiting atom rotation sensors should have the
sensitivity to test the frame drag predictions of general
relativity.

C. Measurements of atomic and molecular properties

Better determination of atomic properties is another
one of the payoffs of the new techniques for atom ma-
nipulation. This has led to a more precise spectroscopic
determination of many atomic energy levels. In addition,
atom interferometers allow sensitive absolute measure-
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ments of the perturbations applied to atoms or mol-
ecules in one of the two arms. Examples are the deter-
mination of the electric polarizability of Na in its ground
state (Fig. 7), and the measurement of the phase shift
associated with passage of Na and Na2 waves through a
gaseous medium, essentially measuring the matter-wave
index of refraction.

Neutral atom traps with their dense submillikelvin
samples have revolutionized free-to-bound spectroscopy
(also called photoassociative spectroscopy), in which an
unbound atom pair is excited to a bound molecular state
(Walker and Feng, 1994). The resolution, limited by the
thermal energy of the free atoms, has been reduced
from hundreds of inverse centimeters to 0.001 cm21,
while the angular momentum of the colliding atoms,
which determines the complexity of the molecular rota-
tional spectra, has been reduced from hundreds of \ to
one or two. Consequently, extremely high-resolution
free-bound spectra have been obtained with resolved
hyperfine and rovibrational structure. For the first time
it has become possible to study excited states very near
to dissociation with corresponding internuclear separa-
tions of 2.5 to 10 nm. This has allowed the observation
of pure long-range molecules—excited-state molecules

FIG. 7. The fringes in a separated-beam interferometer
(shown in Fig. 1) shift in proportion to the Stark shift, VStark
521/2aE2, where a is the ground-state electric polarizability
and E is the electric field applied to the sodium atoms in one
side of the interferometer (Ekstrom et al., 1995). The decrease
of amplitude at larger phase shift reflects the finite coherence
length of the beam. The quadratic fit (dashed line) allows 0.3%
absolute determination of a. This exceeds the accuracy of the
best theoretical calculations.
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FIG. 8. Diffraction pattern for a helium cluster beam after passing through a transmission grating. The vertical lines indicate the
peaks of the dimer (left) and trimer (right).
that have shallow (e.g., 1 K) well depths with inner po-
tential barriers beyond 2.5 nm. The structure of these
molecules is well described by theories based entirely on
the properties of the separated atoms. Remarkably,
free-bound spectroscopy has allowed determination of
oscillator strengths for the important resonance transi-
tions of Na, K, and Rb to 0.1%, better than they can be
determined by any other technique. It has also provided
improved determinations of the interatomic potentials,
and corresponding improvements in the calculations of
many atomic collision processes that depend on these
potentials.

Extremely weakly bound molecules have been studied
using nanofabricated structures. A diffraction grating
was used to analyze a collimated beam from a super-
sonic expansion of cold He gas, showing the existence
4He3 trimers and higher n-mers and conclusively demon-
strating the existence of the 4He2 dimer (Schollkopf and
Toennies, 1996), which was previously thought not to be
bound (Fig. 8). Subsequent measurements of the attenu-
ation of 4He2 by a nanofabricated sieve showed it to
have an internuclear separation of 6.5 nm, making it by
far the largest ground-state diatomic molecule and also
the most weakly bound, with a dissociation energy of
only 1027 eV.

V. CONCLUSION

We have presented a brief summary of some of the
novel techniques for manipulating atoms, and the mea-
surements that these techniques have made possible.
Probably the most exciting thing about this field is that
many of these techniques have matured from research
projects to useful tools only in the past few years. Thus
the next decade promises to see an explosive growth of
the manipulation and study of individual atoms at the
quantum wave-packet level. This will allow many basic
issues of quantum mechanics to be explored, and is also
Rev. Mod. Phys., Vol. 71, No. 2, Centenary 1999
likely to give rise to a new generation of practical mea-
surement devices that use the basic external and internal
quantum properties of atoms.
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